The cosmological neutrino background will mediate long range forces between objects. For a background of temperature T, the potential decreases as 1/r 5 for r >> 1/T and as 1/r for r << 1/T . These forces have large spindependent components. If the neutrino background is nonrelativistic, the long range forces are enhanced by a factor of the inverse neutrino velocity.
Ever since the neutrino was suggested by Pauli, there have been speculations about the long range forces produced by neutrino exchange ( [1, 2] and references therein). Feinberg and Sucher found a potential which falls off like 1/r 5 with distance from two neutrino exchange in vacuum. Exchange of an even number of neutrinos is required in vacuum in order to leave the spin of the external particles unchanged, so that the effects of the potential can sum coherently over many particles. However in a background of neutrinos, single neutrino exchange can mediate a coherent, long range force because the background can supply and absorb one of the neutrinos. This is a realistic possibility since a large, cosmological neutrino background is firmly believed to exist by analogy with the observed cosmological photon background. The neutrino background has not been directly observed, but is the subject of considerable interest since it is a favorite candidate for dark matter. We shall calculate the long range forces from neutrino exchange in the cosmological neutrino background.
Calculation of Potentials.
We will use the formalism of finite temperature field theory [3, 4, 5, 6 ] to calculate the Feynman diagram shown in Fig. (1) . We assume that there are two fermions which interact with neutrinos via the effective Langrangian
where F represents either of the two fermions. g V and g A are composition dependent charges, of order 1, which can depend on the flavor of the neutrino and, for massive neutrinos, on the lepton mixing parameters (see Table) .
We assume that the two fermions are both nonrelativistic in the rest frame of the medium. Then the scattering amplitude, T (Q), of the two fermions is
Here Q ≈ (0, Q) is the momentum transfer, S denotes the fermion spin normalized to S 2 = 3/4, and the factor of (-1) is for the fermion loop. Terms down by factors of the external particles' velocity through the medium are neglected (however for situations when the test object's spin averages to zero, then in the above expression the spin vector can be replaced by the object's velocity vector with respect to the medium:
. The potential in real space is just the fourier transform of −T (| Q|),
The I µν is given by
where P L is the projection operator for the left-handed chirality. The neutrino propagator is (5) n ± are the +, neutrino and -, antineutrino distribution functions [7] . m is the neutrino's Dirac mass, the possibility of Majorana neutrino masses is not considered here.
This expression for I µν correctly gives the real part of the amplitude, but not the imaginary part. In general, a proper treatment of the imaginary part of the vacuum polarization requires different Feynman rules (see e.g. [4, 5] ).
However we are only interested in the static limit where Q 0 = 0 and then the imaginary part of the retarded amplitude must vanish. This is because in the the static limit the background can not emit or absorb energy.
The first part of Eq. (5) is the vacuum propagator. Using only this part from each neutrino propagator gives for the spin-independent long range potential, in vacuum, in the large r limit, for m=0,
This agrees with the recent recalculation by Hsu and Sikivie [2] .
The thermal contribution to the long range force comes from the "cross terms" when one neutrino propagator is the vacuum part and the other neutrino propagator is the thermal part. This corresponds to a background neutrino being excited to a virtual state by one scattering and then, with the other scattering, being returned to the background with its original energy and momentum. This part of I µν can be written as
This expression will be evaluated in certain limits. Typically, the above integrations can be easily done in the following order: first the integration over k 0 , then the fourier transform, Eq. (3), then the angular integration in neutrino momentum space. This leaves a final integration over the background neutrino momentum which depends on their distribution functions. For simple distribution functions this integration can be done analytically to yield compact results.
Cosmological Neutrinos.
For cosmological neutrinos we use the Boltzmann approximation for the background neutrino distribution functions. Then the integration over neutrino momentum can be done analytically. Assuming only one species of background neutrino,
where T is the neutrino temperature, T = (4/11) (1/3) T γ ≈ 1/1.2mm and T γ is the photon temperature. The neutrino chemical potential, µ, is expected to be small compared to the temperature, T . We generally take the chemical potential to be zero, except when calculating one of the parity violating potentials.
If the background neutrino is massive, with a mass less than a few MeV's, then this distribution function is still a good approximation [8] ! This is because then the neutrinos decoupled when they were relativistic, and the expansion of the universe preserves the momentum distribution. However if the massive neutrinos form clumps, then this distribution will be modified.
Then the local (galactic or galactic cluster) neutrino energy density could be enhanced by several orders of magnitude.
For m=0, the spin-independent potential from excitation of the neutrino background is
For massive neutrinos, vacuum potentials are exponentially suppressed at large distances reflecting the small probability for a massive particle-antiparticle pair to tunnel out of the vacuum. However in an existing background of massive neutrinos, there is no exponential suppression since the neutrinos mass energy is already present. For m >> T , the spin-independent potential is
where we have only kept the term enhanced by the large numerical factor of m/T, the inverse of the background neutrino's velocity.
The above potentials, Eqs. (9) and (10), fall off like 1/r 5 for r >> 1/T, and go like 1/r for r << 1/T. A heuristic explanation of the latter behavior is possible. Over short distances all of the background neutrinos will be excited to a virtual state and hence can similarly contribute to the long range interaction. In particular, then all the propagator dynamics factor out of the integration over neutrino momentum in Eq. (7) . The potentials at r << 1/T are proportional to the background neutrino energy density (also Eq. (13)). Then, dimensionally, the force must go like 1/r.
There are many neutrino background induced, spin-dependent, potentials. The massive neutrino case is especially interesting since at large distances it is enhanced by the factor of m/T. The spin-dependent piece for m >> T is
When one of the spins averages to zero, the velocity of that particle enters the above expression and the potential is then parity violating (see discussion below Eq. (1)). Parity violating potentials do not occur in gravity or electromagnetism. There is also a velocity independent parity violating potential in a neutrino background. For the massive or massless neutrino case
Note that this falls off more rapidly with r than the previous potentials.
Also, it vanishes if the chemical potential vanishes, and so is expected to be suppressed. The observed baryon asymmetry is η = n b −nb/n γ ≈ 10 −9 , so one naively expects a similar asymmetry for the neutrinos. However sinh(µ/T ) is presently unconstrained by observations, it could easily be as large as 10
or larger [9] .
Supernova Neutrinos.
In a supernova, neutrinos can be degenerate, µ/T >> 1. Then the antineutrino background vanishes and the distribution function for the neutrino background is just
Then the spin independent potential is, for m=0
At long distances, r >> 1/µ, the potential oscillates in sign with a 1/r 4 fall off, while for r << 1/µ it goes like 1/r.
The oscillations in Eq. (13) 2 Applications.
Detecting Cosmological Neutrinos.
There has been considerable experimental interest lately in searching for small, exotic forces (see e.g. [11] ). The recent observation of the CasimirPolder potential [12, 13] , which falls off like 1/r 7 , offers some mild encouragement for the possibility of future observations of neutrino exchange potentials. While the spin-independent forces between atoms from neutrino exchange are typically much smaller than those from electromagnetism and gravity, the spin-dependent and parity violating forces are not. Thus the neutrino background induced spin-dependent potentials may prove to be experimentally accessible. They could provide a good technique for detecting the cosmological neutrino background.
Many effects have been previously discussed for observing cosmological neutrinos. One often discussed detection technique is to look for forces from coherent scattering at surfaces [14] . These forces are naively first order in G F , however they are suppressed down to G 2 F size for objects in a uniform neutrino background [8] . Also, they vanish in a neutrino-antineutrino sym-metric background. Thus these surface effects do not look promising (see e.g. [15] ).
A better detection technique is to look for the drag deceleration due to the cosmological neutrino background. For macroscopic objects smaller than 1/T, the neutrinos scatter coherently from the objects volume. Then if the object is moving through the neutrino background, it will experience a composition dependent drag. This effect may be observable [16] .
The long range forces induced by the cosmological neutrino background act between two objects, and so are qualitatively different then the previously discussed forces [14, 16] . However it is encouraging to note that they do also sum coherently over 1/T size target volumes and do not vanish in a neutrino-antineutrino symmetric background. In addition, they may have several experimental advantages over previous proposals. The dependence on r provides an additional experimental handle which can be used to vary the size of the effect. The effect is present for an experiment at rest in the neutrino background. Also, at short distances the induced forces are directly proportional to the background neutrino energy density-an extremely likely candidate for dark matter. Gravitational clumping of a massive neutrino background could increase the local neutrino energy density by several orders of magnitude. This would enhance these forces.
Astrophysics.
In the cosmological neutrino background, the distance between neutrinos is roughly r ≈ 1/T . Comparing the gravitational and background induced potentials (see also [17] ) for neighboring, massive background neutrinos,
Thus the interaction between neighboring neutrinos in the cosmological background is dominated by the neutrino exchange contribution, up until almost present temperatures. However this interaction is always smaller than the temperature, so large effects in the dynamics do not appear likely.
Conclusions.
We have calculated the long range forces induced by a neutrino background.
These potentials go like 1/r over distances shorter than 1/T , but fall off more rapidly beyond that. They can be enhanced by a factor of m/T (about 10 5 for a 30 eV neutrino mass) over the forces from massless neutrino exchange in vacuum. But still the spin-independent forces between atoms are typically very small compared to the gravitational and electromagnetic spin-independent forces. However the neutrino background induced spindependent (and parity violating) forces are relatively large and may provide a method for observing the cosmological neutrino background. This method may have several advantages over previously proposed methods, but it still appears to be an extremely challenging experiment. Table 1 . Values for g V and g A . Here G A ≈ 1.25 is the axial vector form factor, and x = sin 2 θ W ≈ 0.23. When the external particle is the antiparti- 
